ABSTRACT Indoor air quality, temperature, and relative humidity affect the thermal comfort and health of the inhabitants. Therefore, monitoring these parameters is essential to prevent indoor air pollution and to improve labor productivity. Most recently, the research conducted has used radio frequency wireless communications to monitor the indoor environment. However, long-term exposure to electromagnetic interference (EMI) causes a detrimental impact on the human body, especially on the elderly, patients, and infants, while it concurrently affects the operation of electronic devices. Thus, we propose a unique indoor environment monitoring system using an EMI-free bidirectional visible light communication technology. The sensing data from the smart sensor tag and the command data used to request the environmental sensing data are transferred bidirectionally between the base station and the smart sensor tag by being modulated into the light-emitting diode (LED) light beam. The proposed smart sensor tags are designed to measure five important parameters of indoor environments, such as CO 2 concentration, volatile organic compound level, O 2 concentration, temperature, and relative humidity, at multiple positions in real time. In addition, a proposed average-voltage tracking algorithm is adopted to allow the LED illumination to be used as a lighting system and as a long-range wireless communication system. As a result, the proposed system is demonstrated to be error-free when the distance between the base station and the smart sensor tags is 6 m. The measured live data are aggregated and visualized in a cloud platform by a graphical user interface. A web-based application and a mobile application are also developed to display the real-time data.
I. INTRODUCTION
While most individuals consider that outdoor air quality plays an important role for their health, many people are unaware of the numerous health risks that are potentially associated with indoor air pollution. According to studies conducted by the United States Environmental Protection Agency, the indoor air may be referred to be two to five times (and sometimes up to 100 times) more hazardous than the outdoor air in terms of pollutant levels [1] . The indoor contaminants are generated by indoor activities, such as breathing, smoking, cooking, or the emissions from paints, cleaning supplies, furnishings, and office equipment. The levels of indoor air pollutants raise a particular concern because we typically spend almost 90% of the time in our offices or in other indoor environments [2] . Thus, it is necessary to implement an indoor monitoring system to observe and control the indoor environmental quality.
This monitoring system plays a very important role in guaranteeing a comfortable and healthy environment, especially where children, elderly people, and patients live.
However, most of the current monitoring systems use radio frequency (RF) waves as the wireless communication medium to transfer monitoring information [3] . While RF devices are very common in our daily lives, the excessive exposure to RFs could lead to a significant degradation of human health owing to the detrimental biological effects on the human body, such as insomnia, memory loss, and brain tumors [4] , [5] , especially for immunocompromised infants, patients with chronic diseases, and the elderly. Moreover, the incurred RF interference could also prevent the operation of electronic devices such as implanted medical devices and medical equipment. Emitting electromagnetic interference (EMI) to the ambient environment can be extremely dangerous in the mining workplace or in the case of aviation. Consequently, these effects oppose the originally set purpose of the monitoring system for the indoor environment for providing a healthy and safe environment. As a potential alternative to the existing RF systems, visible light communication (VLC) technology is a possible solution to overcome the disadvantages of RF communications [6] . VLC is one of the free-space optical technologies that employ visible light beams as the variant in wireless communications. VLC offers a high level of privacy, its installation can be relatively easy, and it provides access to a broad unlicensed spectrum [7] . Moreover, the harmless and EMI-free characteristics of VLC not only provide a better, long-term technique for indoor environmental monitoring, but also support the feasibility of integrating wireless communication in RF sensitive areas. For these reasons, this study is aimed at designing a bidirectional VLC system prototype to serve as a remote sensing data acquisition for indoor environments.
Various studies have been conducted for real-life applications with the help of emerging technologies like wireless personal area networks and Internet-of-Things (IoT). Moulik and Majumdar [8] proposed an indoor IoT-based system to detect accidental falls of human beings in a precise way. A novel microwave radiation-free system was also developed by integrating visible light communication technology into a wearable EEG device [9] . Moreover, a wavelengthdivision multiplexing-based VLC systems was introduced for EMI-free indoor PM 2.5 monitoring [10] . In this study, a unique indoor environmental sensor network is developed to monitor the indoor environment. The proposed system contains two main components, namely, a base station and a smart sensor tag. The key roles of the smart sensor tag are sensing, data processing, and data communications to the base station. The base station is responsible for transmitting the commands for data gathering from the acquisition monitor, collecting the environmental data from the sensor tag in two directions, displaying the data on the user interface, and uploading data to the server to monitor the targeted area online. Among the characteristic parameters of the indoor environmental quality, CO 2 concentration, volatile organic compounds (VOCs), O 2 concentration, temperature, and relative humidity are commonly used as indicators of indoor air quality and comfort level because they are convenient and reliable [11] . Thus, the proposed smart sensor tag integrates three sensors, including a CO 2 VOC sensor, a temperature and relative humidity sensor, and an O 2 sensor. The smart sensor tag is designed to interface with the designated sensors and to transfer data to the base station through the bidirectional VLC. The developed sensor system is eco-friendly, cost-effective, energy-efficient, and technically feasible for implementation in practical applications for monitoring of the indoor environment. Furthermore, a graphical user interface is programmed to display the real-time signal on a base station computer. The ''SpeakThing'' platform is also adopted to store and synchronize data to a web server using the HTTP protocol over the Internet via a Local Area Network.
This system enables users to access and track the real-time data through computer and mobile devices.
II. SYSTEM DESIGN AND IMPLEMENTATION
The main idea of the VLC system is to combine two purposes of use of the light-emitting diode (LED) device, namely, its intended purposes of communication and illumination. The LED lamp has been extensively applied for indoor lighting systems owing to the high-illumination performance, energy efficient properties, low cost, and fast response [12] . The arrangement of LED cells and the power control of the LED lamp are designed to provide an adequate light intensity, which is recommended to be as high as 500 lux for indoor lighting in accordance to the European EN 12464-1 standard [13] . Furthermore, the flickering of the light emission is needed to be taken into account as a lighting constraint. In this study, the LED driver is designed and implemented to modulate the high-frequency signals at 100 kHz which surpasses the perception limit of the human eye at 200 Hz [14] . Therefore, during the transmission process, the light intensity is still guaranteed, thus providing efficient light. Fig. 1 shows the concept of system design encompassing the base station on the ceiling, and the smart sensor tags located around the room at different locations. The advantages of this VLC implementation for monitoring of the indoor environment are the low cost, real-time monitoring, EMI-free, environment-friendly, easy installation, and dual purpose of its use for lighting and communication. Offering EMI-free and ease of integration into the existing lighting system are the main features based on which the bidirectional VLC-based monitoring system is applied.
A. VISIBLE LIGHT COMMUNICATION TRANSCEIVER DESIGN
Typically, the common VLC system contains two major components: (1) the LED that is used as a data transmitting device, and (2) the image sensors or the photodiodes (PDs) as the receiving device. In this study, the LED and PD are used to build up a wireless sensor system. We design a current-controlled LED driver to support increased power levels and multilevel modulation. A high-power LED driver is developed to support the illumination and to extend the communication range for each smart sensor tag in the room. In addition, multilevel modulation is applied to offer good dimming control owing to the variation in the light intensity level, but also improving the bandwidth of data transmission. This modulation technique aided by the high-switching frequency can also reduce the flickering effect to provide a safe illumination for human eyes. We adopted five-level modulation, including four levels for pulse amplitude modulation (PAM-4), and one idle state level for illumination. Fig. 2 shows the multilevel modulation signal for the day and night times. The switching-mode activation is triggered by a command from the base station. During the day time, the idle level is represented by the highest brightness to guarantee the luminous intensity. Conversely, during the night time, when the VLC only serves communication purposes, no light is emitted at the idle level.
Another challenge for designing the receiver is to address the negative impact of noise, such as ambient light, shot, or thermal noise. The noise generates an offset voltage that causes a distortion effect on the received signal. If the offset voltage is greater than a certain threshold, the amplifier's operation would change from the linear to the saturation ranges. Therefore, we applied our average voltage tracking design [15] to eliminate the ambient light noise and improve the bit error rate of the VLC system, as shown in Fig. 3 . The operation of this design can be briefly introduced as follows. At first, a photodiode converts the received optical signals into electrical signals. The converted signals are then split into two separate signals. The first signal is filtered by a lowpass filter to maintain the noise information. After subtracting the second signal from the filtered signal, the processed signal is amplified to be compatible with the ADC input. Consequently, the microprocessor demodulates the data from the sampled values. Fig. 4 shows the proposed base station diagram and the smart sensor tag diagram, including the VLC transceiver, sensors, and processing unit. The smart sensor tag is designed to measure and handle the environmental parameters obtained at the office, laboratory, and building inside. A smart sensor tag consists of an oxygen sensor (Grove -Gas Sensor, Seed Studio, China), a carbon dioxide and volatile organic compound sensor (air quality sensor -CCS811, ams AG, Austria), a humidity and temperature sensor (HDC1080, Texas Instruments Inc., USA), a microcontroller unit (STM32F4 Discovery, STMicroelectronics, Switzerland), a 20 Watt LED (SZH-LD117, Korea) with an LED driver, and a Si PIN photodiode (S5107, Hamamatsu, Japan) with a photodiode transimpedance amplifier. The sensor tag is capable of measuring the temperature within the range of 0 • C to 60 • C at an accuracy of ±0.2 • C, and humidity within the range of 10 % to 100 % RH with an accuracy of ±2 %. Furthermore, the equivalent CO2 ranges from 400 ppm to 8192 ppm, and the total volatile organic compound ranges from 0 ppb to 1187 ppb.
B. BASE STATION AND SMART SENSOR TAG DESIGN
The ''usnEnvironment'' software architecture is developed for the smart sensor tag. There are three main application components, namely, ''usnEnvironment'', ''Timer'', and ''GenericComm''. The ''usnEnvironment'' component handles the event of the various hardware and software interrupts. The ''Timer'' component controls the sampling frequency of the sensor data. The ''GenericComm'' component transfers the data and command packets between the smart sensor tags and the base station. After the indoor environment data are collected using the I2C protocol, the microcontroller processes the raw data to produce the precise digital values. Each smart sensor tag then transmits these data using ''GenericComm'' to the base station. The base station is designed to have a similar structure to that of the smart sensor tag in terms of the transceiver circuit. In addition, it contains peripheral interfaces to allow its connection to a computer.
C. NETWORK CONFIGURATION
In communications, there are two types of transmission modes, namely, synchronous and asynchronous. Synchronous data transmission is a method in which continuous data signals are accompanied by timing signals to guarantee that both the transmitter and the receiver are at the same clock frequency. No extra bits and no gap between the individual data bytes enable synchronous data transmission to transfer quickly large amounts of data. In contrast, asynchronous transmission transfers one character at a time. This type of transmission requires the insertion of a start bit and a stop bit at its termination to indicate the beginning and the end of the data stream. Asynchronous transmission is best suited to low-speed connections in which information is transmitted in short packets. In this study, as the VLC receiver and transmitter are separated in two different systems, there is no common clock that can be implemented across these systems. Hence, we choose to adopt the asynchronous mode for data transmission. Because the time intervals between characters are transmitted heterogeneously, the receiver uses the start bits and stop bits as bit synchronization to provide timing control. 5 shows the bidirectional procedure specified by describing the information transfer between a smart sensor tag and a base station. This information flow is modeled by discrete, instantaneous events, which characterize the procedure used for information provision. Each event consists of the transfer of a service primitive between each smart sensor tag and the associated base station. Service primitives convey the required information in a particular data frame. These service primitives represent an abstract procedure, and the provided service is specified in the form of pseudo code. This definition is programmed in the implementation of the interface.
The proposed primitive consists of the following four generic types:
-Request: Used to request a service to be able to connect and communicate -Confirmation: Used to validate one or more previously received service requests -Indication: Used to inform an external event to a higher layer inside the smart sensor tag -Response: Used to notify the completion for a previously received indication primitive When the monitoring system requires the indoor air quality data, the request would be transferred to the smart sensor tag. An acknowledgement message is then sent back to confirm the success of command transfer. In the meantime, the sensing data are collected from the environment, and the response message is transmitted from the smart sensor tag to the base station to inform the available sensing data. After accepting the feedback signal, the base station could receive the required data from the smart sensor tag, and these data are displayed in the user interface applications.
In addition, to make the communications stable and efficient, the proposed primitive has to be encoded into a data frame. Normally, the structure of the frame depends on the frame type and on the transmission protocol. In this study, the star network is proposed as the data protocol to support the bidirectional data transmission. The proposed data frame contains a header and a payload. The header consists of start synchronization, source address, destination address, control field, and action bytes. The synchronization byte of ''0 × FF'' is used to define the beginning of transmission and to support the detection of transmitted messages. The next two bytes indicate the transmitting and receiving node addresses. The control field determines the type of the message, such as ping, acknowledgement, data, or mode commands. The action field synchronizes a sampling rate and a day or a night time mode between the base station and the smart sensor tag. The payload consists of a payload length and a payload. The payload length field determines the number of bytes which are transmitted in the payload pattern. At the end of the data frame, a cyclic redundancy check (CRC) field provides an error-detection code computed along the data packet to detect the accidental changes of the received data. On retrieval, the CRC calculation is repeated on the received data packet at the received side. If the recalculated CRC value does not match the CRC value in the data frame, the block would contain data errors. Then, the destination device could transmit a message requesting re-transmission. Finally, the synchronization byte of ''0 × 80'' is used as an ending byte to complete the transmission process.
III. EXPERIMENTAL RESULTS AND DISCUSSION
The VLC-based indoor monitoring system is implemented at our laboratory as a test bed, as shown in Fig. 6 . The multilevel LED driver is fabricated to support currents up to 4 A for each LED. Thus, the transmission range from the transmitter to the receiver could be extended up to 6 m. In this test bed, the number of smart sensor tags is reduced to only two to evaluate the EMI-free bidirectional wireless sensor network. There are two important positions needed to be measured to consider the ambient environment for human breathing. A smart sensor tag is placed at the height of 1.1 m in the breathing zone where people sit. Another smart sensor tag is placed at the height of 1.6 m in the breathing zone where people stand. The purpose of acquiring data at these positions is to monitor the indoor environment, and to compare and analyze FIGURE 6. Test bed setup for the bidirectional indoor environment monitoring system. the gas distribution in the workplace. These measurements could be useful for future research to implement practical applications with well-organized sensor positions strategically and efficiently. Finally, the sensing data is displayed on the graphical user interface. There are three programmed applications to visualize the data, such as the PC user interface, web-based application, and mobile application, as shown in Fig. 7 .
At first, the feasibility of integrating the proposed VLC system into the lighting system is evaluated. In the day time mode, the average illumination of 530 lux is measured at a distance of 3 m from the LED lamp using the Newport 1918 Power Meter (Newport Corporation, USA). This intensity meets the requirement for indoor environments, such as the office or the laboratory, as mentioned above. In addition, in night time mode, the average illumination is measured to be below 10 lux, which is equivalent to the intensity of dark surroundings [10] . Fig. 8 shows the received signals in VLC at the transmission range of 6 m. The data frames are transmitted continually to check the packet error rate (PER). We set the maximum number of packets to be counted during the PER measurement to 10,000,000 packets. If the number of tested packets reaches the maximum packet count, the measurement would be stopped. Fig. 9 compares the PER performance of the receiver with our proposed average-voltage tracking design, and the receiver without the use of our 5718 VOLUME 7, 2019 proposed average-voltage tracking design. The significant PER improvement is witnessed when we adopt the proposed average-voltage tracking design. It is clear that if the distance is less than 6 m, the number of received error packets would be zero. Thus, the error-free performance is recorded in our proposed VLC system without any lens, and the data-rate performance can be up to 1 Mbps, which is practically equivalent to the data-rate performance of a real-time indoor monitoring system.
To validate the practicality of our proposed indoor environment monitoring system, we conducted the test continually from Friday to Saturday within a total period of four days, within the laboratory environment. Two smart sensor tags are located at two different positions, as shown in Fig. 6 . The indoor environment data are measured every 30 s with the use of three sensors that are connected to the smart sensor tag. The average calculation is computed every 5 min at the smart sensor tag. The base station sends the each of the received data packets. The averaged data transmission method is a technique used to improve the accuracy of the data, reduce the power for communications, and increase the reliability. Fig. 10 shows the sensing data at the base station collected from two deployed smart sensor tags within four days in the test bed space of 7 m × 9 m. Comparison of the data from the two smart sensor tags, it is shown that the distributions of the CO 2 concentration and VOC levels vary in accordance to the same trend. A different fluctuation occurs only when somebody moves near one smart sensor tag compared to another smart sensor tag. However, as observed in Fig. 10 , higher concentration values are found at the lower position compared to the higher position. The explanation for this difference is attributed to the fact that people sit to work most of the time, and thus most of the produced CO 2 is produced at the level of our noses, i.e., at 1.1 m.
At the two recording positions during the working hours, the VOC levels and CO 2 concentrations increase to approximately 100 ppb and 1000 ppm, respectively, thus leading to a moderate quality range, which is still under the acceptable levels. In contrast, these figures remain stable at the healthy range in night time. Furthermore, during lunch and dinner, sudden drops in these figures were witnessed because the doors were opened. Meanwhile there was no remarkable change in the O 2 concentration during these two days. Moreover, the temperature was low at midnight, and decreased in the early hours of the morning, then increased rapidly until just after midday.
The second experiment was conducted at the height of 1.1 m to compare the environmental sensing data on a weekday and on the weekend. There were 12 people working during office hours in the weekdays within the test bed space of 7 m × 9 m, and four people came to the office from 11 am to 5 pm in the weekend. Owing to the higher number of occupants during the working day, the CO 2 and VOCs levels also witnessed a more significant increase compared to the figures recorded on the weekend. Two experiments indicated that indoor air quality could drop into an adverse range, which caused long-term consequences to the human health and work efficiency. Therefore, it is necessary to monitor the indoor environment. The harmless system proposed herein is useful and contributes to a healthy environment.
IV. CONCLUSIONS
This study proposed an EMI-free indoor environment monitoring system using a bidirectional visible light communication. The lighting source of the LED was designed to execute two tasks pertaining to illumination and communication. The bidirectional communication enabled the proposed system to operate with high-power efficiency and to save energy. The indoor environment data, which included temperature, humidity, oxygen concentration, carbon dioxide concentration, and volatile organic compounds, were measured with the smart sensor tags. The average air quality sensing data were obtained every 5 min using an averaging method to reduce the data traffic. These data were modulated into visible light beams for wireless transmission to the base station through a highly reliable protocol. The proposed communication technology is an environment-friendly technology since it does not emit electromagnetic waves. Moreover, the indoor environment parameters are monitored in real-time and were accessed by user interfaces at both the base station and online applications. The sensing data acquisitions are not only meaningful in real-time monitoring but also play a role in designing the ventilation strategy and airflow rate control to create a productive workplace. The EMI-free feature supports the feasibility of implementing wireless sensor systems in hospitals, the aviation industry, and in children-care facilities for occupants with weak immune systems, such as older people, infants, and patients.
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